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-DSDQHVHJRYHUQPHQWVDLGWKDWLWH[SHFWVWKDWDGYDQFHGURERWVZLOOEHDSSOLHGWRWKHKRPHDQGPHGLFDOILHOGVIRUWKH
FDUHRIHOGHUO\DQGGLVDEOHGSHUVRQV7RIXOILOOWKLVSXUSRVHWKHURERWVVKRXOGEHDEOHWRSHUIRUPVHYHUDOWDVNVUHODWHG
WRSURYLGLQJPHDOVDQGJRLQJWRDQGIURPWKHWRLOHWDQGEHG7RSHUIRUPWKHVHWDVNVWKHURERWVVKRXOGSRVVHVVWDFWLOH
VHQVDWLRQ ZKLFK LV HVVHQWLDO LQIRUPDWLRQ IRU KDQGOLQJ XQNQRZQ REMHFWV RI YDU\LQJ VL]H KDUGQHVV DQG VXUIDFH
WH[WXUH6LQFHPHPEUDQHRUILOPKDQGOLQJLVLPSRUWDQWVNLOOIRUWKHURERWWKHUHDUHVRPHUHVHDUFKZRUNVUHODWHGWR
WKH VNLOO VXFK DVPHPEUDQH SHHOLQJ DQG SLFNLQJXS WKLQ REMHFW$OWKRXJK FRXQWLQJ WKLQVKHHW QXPEHU LV RQH RI
HVVHQWLDOVNLOOVIRUWKHPHPEUDQHRUILOPKDQGOLQJLWLVQRWDOZD\VSURJUHVVHG
2QWKHRWKHUKDQGVLQFHDURERWLFKDQGHTXLSSHGZLWK WKUHHD[LV WDFWLOHVHQVRUVFDQGHWHFWQRWRQO\JUDVSHG
IRUFHFDXVHGE\SLQFKLQJPRWLRQEXWDOVRVOLSSDJHIRUFHE\VOLGLQJILQJHUVLWFDQEHDSSOLHGWRYDULRXVWDVNVVXFKDV
FDS WZLVWLQJ H[SORULQJ REMHFW VKDSH DQG GHWHFWLQJ KDUGQHVV$OWKRXJK WKLQ VKHHW KDQGOLQJ FRQVLGHUHG RQH RI WKH
PRUH GLIILFXOW WDVNV LQ URERWLFV EHFDXVH RI WKHLU IOH[LELOLW\ DQG WKLQQHVV WKH YHUVDWLOLW\ RI WKH KDQG VHHPV WR
DFFRPSOLVKWKLVWDVN
,Q WKLV SDSHU ZH HYDOXDWH WKH VHQVLQJ DELOLW\ RI VKHHW WKLFNQHVV WR REWDLQ EDVLF GDWD IRU WKLQ VKHHW KDQGOLQJ
WKURXJKSLQFKLQJDQGVOLGLQJWZRILQJHUV,QWKLVH[SHULPHQWZHXVH\HQELOOVDVVSHFLPHQVEHFDXVHWKH\KDYH
SUHFLVHDQGVWDEOHVL]HDQGPHFKDQLFDOSURSHUWLHV
2SWLFDO7KUHHD[LV7DFWLOH6HQVRU
2.1. Sensing Principle  
6LQFHWKHSULQFLSOHRIRXURSWLFDOWDFWLOHVHQVRUKDVEHHQUHSHDWHGO\H[SODLQHGLQVHYHUDOFRQIHUHQFHVMRXUQDOVDQG
ERRNV LW LV RQO\ EULHIO\ UHYLHZHG LQ WKLV FKDSWHU ,Q WKH RSWLFDO WDFWLOH VHQVRU OLJKW UHIOHFWLRQ DQG HODVWRPHU
GHIRUPDWLRQDUHXVHGDVWKHEDVLFSULQFLSOH)LUVWZHDVVXPHDVWUXFWXUHFRPSRVHGRIDWUDQVSDUHQWERDUGDUXEEHU
VKHHWRQLWDQGVPDOODLUJDSEHWZHHQWKHPOLJKWLVLQWURGXFHGIURPWKHHQGRIWKHERDUG6LQFHWRWDOUHIOHFWLRQLV
FDXVHGLQWKHLQVLGHRIWKHERDUGOLJKWLVQRWREVHUYHGIURPWKHEDFNVLGHRIERDUG+RZHYHULIDQREMHFWLVSXWRQ
WKHVKHHWDQGIRUFHLVDSSOLHGWRWKHREMHFWFRQWDFWEHWZHHQWKHERDUGDQGUXEEHUVKHHWEDFNVXUIDFHXQGHUWKHREMHFW
LVFDXVHGDQGWKHFRQWDFWLVREVHUYHGIURPWKHEDFNVLGHRIWKHERDUGDVDEULJKWDUHDEHFDXVHWKHWRWDOUHIOHFWLRQLV
YLRODWHGRQWKHFRQWDFWVXUIDFH
:HKDYHLQWURGXFHGVHYHUDOGHVLJQVRIWKHWKUHHD[LVWDFWLOHVHQVRU2XUVHQVRUVDUHGLYLGHGLQWRWZRJURXSVRQH
RI WKHPLVFRQLFDODQGFROXPQDUIHHOHU W\SHDQG WKHRWKHU LV IHHOHUPRYHPHQW W\SH$WSUHVHQW WKH IRUPHU LV
DSSOLHGWRDKDQGDUPURERWWRDFKLHYHVHYHUDOWDVNVVXFKDVFDSWZLVWLQJREMHFWSDVVLQJDQGREMHFWDVVHPEOLQJ
7KH IRUPHU VHQVRUXVHV D F\OLQGULFDO UXEEHU HOHPHQWZLWK D KHPLVSKHUH DQG FRQLFDO SURMHFWLRQVRQ WKHSRLQW DQG
ERWWRPUHVSHFWLYHO\
7RH[SODLQWKUHHD[LVIRUFHVHQVLQJZHLQWURGXFH)LJ,IDIRUFHLVDSSOLHGWRWKHSDULHWDOSRLQWQRUPDOIRUFHLV
REVHUYHGE\EULJKW VSRWV FDXVHGRQ WKH FRQWDFW EHWZHHQ WKH FRQLFDO WLSV DQG WKH DFU\OLFGRPH7KHQRUPDO IRUFH
FRPSRQHQW LV SURSRUWLRQDO WR WKH EULJKWQHVV RI WKH VSRWV ZKLOH WKH WDQJHQWLDO IRUFH FRPSRQHQW LV REVHUYHG E\
FHQWURLG PRYHPHQW RI WKH EULJKW VSRWV 6LQFH WKHUH LV DOPRVW QR LQWHUIHUHQFH EHWZHHQ EULJKWQHVV DQG FHQWURLG
PRYHPHQWQRUPDODQGWDQJHQWLDOFRPSRQHQWVDUHLQGHSHQGHQWO\PHDVXUHG
7KXV QRUPDO DQG WDQJHQWLDO IRUFHV DUH PHDVXUHG IURP DQ LQWHJUDWHG EULJKWQHVV RI WKH LPDJH GDWDG DQG WKH
FHQWURLGPRYHPHQW RI WKH EULJKW DUHDZKLFK LV H[SUHVVHG E\ xu DQG yu LQ ORFDO FRRUGLQDWHV HPEHGGHG RQ HDFK
VHQVLQJHOHPHQW:HDVVXPHWKDW WKUHHFRPSRQHQWVRIDSSOLHGIRUFH xF  yF DQG zF DUHSURSRUWLRQDO WR xu  yu 
DQGG 
2.2. Specifications of Ordinal Optical Three-axis Tactile Sensor  
)LJXUHVKRZVWKHGHVLJQRIWKHRUGLQDORSWLFDO WKUHHD[LV WDFWLOHVHQVRUZKLFKKDVUHSHDWHGO\DSSHDUHGLQ WKH
DXWKRUV¶DUWLFOHV6LQFHZHKDYHUHFHQWO\ LQWURGXFHGQHZGHVLJQVZHFDOO LW WKHRUGLQDORSWLFDO WDFWLOHVHQVRU,W LV
FRPSRVHGRIVHQVLQJHOHPHQWVDQDFU\OLFGRPHRSWLFDOILEHUDILEHUVFRSHDOLJKWVRXUFHDQGD&&'FDPHUD/LJKW
LVGLUHFWHGIURPWKHOLJKWVRXUFHWKURXJKRSWLFDOILEHUVWRWKHDFU\OLFGRPHWKHVLGHYLHZDWWDFKPHQWLVPRXQWHGRQ
WKHILEHUVFRSHHQGWRREVHUYHWKHEDFNVXUIDFHRIWKHDFU\OLFGRPH
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$OWKRXJKLWKDVVRPHGLVDGYDQWDJHVVXFKDVDQLQYLVLEOH]RQHDQGXQDFFHSWDEOHODUJHIRUFHWKDWZHDUHWU\LQJWR
RYHUFRPH WKURXJKQHZ VHQVRUGHVLJQV WKHRUGLQDO RSWLFDO WKUHHD[LV WDFWLOH VHQVRU LV VWLOO XVHGEHFDXVH WKH
QHZGHVLJQVVWLOO UHTXLUH VHYHUDO WHVWVDQG LPSURYHPHQW IRUDSSOLFDWLRQ ,Q WKLV VWXG\ZHXVHG WKHRUGLQDORSWLFDO
WKUHHD[LVWDFWLOHVHQVRUEHFDXVHWKHWDVNRIVKHHWKDQGOLQJGRHVQRWUHTXLUHODUJHIRUFH
7KH VSHFLILFDWLRQV RI WKLV VHQVRU DUH VKRZQ LQ 7DEOH  0D[LPXP GHWHFWDEOH QRUPDO DQG WDQJHQWLDO IRUFH
FRPSRQHQWVDUH1DQG1UHVSHFWLYHO\UHVROXWLRQVRIWKHVHFRPSRQHQWVDUH1DQG1UHVSHFWLYHO\
7KLVVHQVRUGRHVQRWDFFHSWODUJHIRUFHZKHUHDVLWKDVSUHFLVHUHVROXWLRQRIIRUFHFRPSRQHQWV
 
)LJ3ULQFLSOHRIWKUHHD[LVIRUFH)LJ'HVLJQRIRUGLQDORSWLFDOWKUHHD[LVWDFWLOHVHQVRU
+DQG5RERW(TXLSSHGZLWK2UGLQDO2SWLFDO7KUHHD[LV7DFWLOH6HQVRUV
,Q RXU ODERUDWRU\ DQ DUWLFXODWHG KDQGDUP URERW LV GHYHORSHG WR DFKLHYH WKH DIRUHPHQWLRQHG LQWHOOLJHQW WDVNV
6LQFHZHXVHGWKHKDQGSDUWRI WKHURERW LQ WKLVVWXG\ LW LVVKRZQLQ)LJ(DFKILQJHUKDV WKUHHPRWRUV0LFUR
DFWXDWRU<DVXNDZD&R DQG DQRUGLQDORSWLFDO WKUHHD[LV WDFWLOH VHQVRU7KHPRWRU LV FRPSRVHGRI DQ$&VHUYR
PRWRUDPLQLDWXUHKDUPRQLFGULYHDQGDQHQFRGHUVLQFHLWJHQHUDWHV1PWRUTXHDURXQG±1IRUFHFDQEH
REWDLQHGDVPD[LPXPIRUFHDWWKHILQJHUWLS
7KHKDQGLVPRXQWHGRQDQDUWLFXODWHGURERWLFDUPWKHKDQGDUPURERWLVVKRZQLQ)LJ6LQFHWKHDUPURERW
KDVRQO\ILYHGHJUHHVRIIUHHGRP'2)WKHILQJHUPRWRUVLQVWDOOHGRQWKHEDVHDUHXVHGIRURQHZULVW'2)7KH
YHORFLW\YHFWRURIWKHILQJHUWLSLVGHFLGHGE\QRUPDOIRUFHDQGLWVPRWLRQPRGHSLQFKLQJRUVOLGLQJWZRILQJHUV,Q
WKLV SDSHU WDFWLOH GDWD REWDLQHG IURP WKH WDFWLOH VHQVRUPRXQWHG RQ)LQJHU  DUH XVHG IRU GDWD VDPSOLQJ DQG WKH
JUDVSLQJIRUFHFRQWURO
7DEOH6SHFLILFDWLRQVRIRUGLQDORSWLFDOWKUHHD[LVWDFWLOHVHQVRU

,WHP9DOXH
1XPEHURIHOHPHQWV
'HWHFWDEOHPD[LPXPIRUFHSHUHOHPHQW
FxFy                                                    1
Fz                                                              1
$FFHSWDEOHPD[LPXPIRUFHSHUHOHPHQW
FxFy                                                     1
Fz                                                              1
5HVROXWLRQ
FxFy                                                    1 
Fz                                                              1 


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:HXVHGWKUHHFRPSXWHUVIRUILQJHUFRQWURODUPFRQWURODQGWDFWLOHVHQVRUV7DFWLOHGDWDDQGWKHKDQGDQGDUP
VWDWXVDUHWUDQVPLWWHGWKURXJKDORFDODUHDQHWZRUN
([SHULPHQWDO5HVXOWVDQG'LVFXVVLRQ
4.1. Experimental Procedure 
8VLQJWKHDERYHKDQGURERWWKLVH[SHULPHQWZDVSHUIRUPHGDVIROORZV7KHVFKHPDWLFIORZFKDUWRIILQJHUPRWLRQ
FRQWUROLVVKRZQLQ)LJ)LUVWWKHURERWSLQFKHVSDSHUVDWWKHSDULHWDOSRLQWRIHDFKILQJHUWLSDVVKRZQLQ)LJLQ
WKHILUVW ORRS$WWKHVWDUWRIWKLVPRWLRQHDFKILQJHUWLSVSHHGLVVHWDVPPVDORQJxHRUെxHGLUHFWLRQZKHQ
FRQWDFWIRUFHDWWKHSRLQWDWHOHPHQWVKRZQLQ)LJUHDFKHV1WKHJUDVSLQJPRWLRQLVVWRSSHG)RUWKH
SLQFKLQJPRWLRQWHVWZHREWDLQHGGDWDIRUQLQHHOHPHQWVIURPWRVKRZQLQ)LJWRPHDVXUHQRUPDOIRUFH
GLVWULEXWLRQDWWKHILQJHUWLS:HH[SHFWHGWRREVHUYHGLIIHUHQFHLQQRUPDOIRUFHGLVWULEXWLRQUHODWHGWRWKHQXPEHURI
SLHFHVRISDSHU
)RUVOLGLQJWZRILQJHUPRWLRQLQWKHVHFRQGORRSDIWHUWKHKDQGURERWJUDVSVSDSHUVZLWK1)LQJHUVDQGDUH
OLQHDUO\PRYHGDORQJyHDQGെyHGLUHFWLRQVWKHFRRUGLQDWH LVVKRZQLQ)LJZLWKPPV UHVSHFWLYHO\7KLV
VOLGLQJPRWLRQLVWHUPLQDWHGZKHQVOLSSDJHRQWKHILQJHUWLSLVREVHUYHGWKHVOLSSDJHLVGHILQHGDVDWLPHGHULYDWLYH
RIWDQJHQWLDOIRUFHRIZKLFKPDJQLWXGHEHFRPHVODUJHUYLDYLEUDWLRQRIVOLSSDJH
7KH UDWLR RI HOHPHQW ¶V QRUPDO IRUFH YDOXH WR HOHPHQW  ± V¶ PHDQ QRUPDO YDOXH LV REWDLQHG IRU
HYDOXDWLRQRIVKHHWQXPEHUWKHGLIIHUHQFHEHWZHHQPD[LPXPDQGPLQLPXPQRUPRIWDQJHQWLDOFRPSRQHQWVRIIRUFH
YHFWRU DW HOHPHQW  IRU VOLGLQJ ILQJHU PRWLRQ )XUWKHUPRUH LQ WKLV H[SHULPHQW ZH XVHG \HQ ELOOV DV
VSHFLPHQVEHFDXVHWKH\KDYHSUHFLVHDQGVWDEOHVL]HDQGPHFKDQLFDOSURSHUWLHV
4.2. Pinching 
:KHQZHPHDVXUHWKHWKLFNQHVVRIDWKLQVKHHWZHXVHDPLFURPHWHUFDOLSHUWRSLQFKWKHP)LUVWZHH[DPLQHWKH
VLPSOHVWZD\WRH[DPLQHWKHQXPEHURISLQFKHGVKHHWVDVZLWKDFDOLSHU$WWKLVWLPHWKHMRLQWGDWDRIWKHDUWLFXODWHG
ILQJHUGRQRWVHHPVXLWHGIRUWKLQWKLFNQHVVPHDXUHPHQWEHFDXVHRIWKHVPDOOSOD\HVEHLQJDFFXPXODWHGLQWKHVHULDO
OLQNVRIWKHILQJHU)URPWKHSUHFHGLQJSV\FKRSK\VLFDOH[SHULPHQWZHLQWURGXFHGDK\SRWKHVLVWKDW³ZKHQMXGJLQJ
WKLQVKHHWWKLFNQHVVDKXPDQEHLQJMXGJHVWKHVSULQJFRQVWDQWRIWKHVKHHWLQVWHDGRIJHRPHWULFDOWKLFNQHVV´)RU
URERWLFVZHDVVXPHWKDWWKHK\SRWKHVLVLVDSSOLHGWRWKLQVKHHWWKLFNQHVV
 
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
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4.3. Sliding Two Fingers 
&RPSDUHG WRSLQFKLQJPRWLRQ VOLGLQJ WZRILQJHUV VHHPV WREHHIIHFWLYHEHFDXVHZHKDYHH[SHULHQFHKDQGOLQJ
WZRVKHHWVHSDUDWLRQWKURXJKDVLPLODUPDQQHU7RHYDOXDWHWKHHIIHFWRIWKLVPRWLRQZHLQWURGXFHDQRWKHUSDUDPHWHU
IRUHDVLQHVVRIVOLGLQJDVIROORZV
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